ll. The Route to Nermal Science 


In this essay, ‘nertnal science’ means research firmly based 
upon one or more past scientific achievements, achieverncnts 
that some particular scientific community acknowledges for a 
time as supplying the foundation for its further practice. Today 
such achievements are recounted, though seldom in their orig- 
inal form, by sclenee textbooks, elementary and advanced. 
These textbooks expound the body of aece th Hlustrate 
many or all of ite successful hseuar sal aise these 
applications with exemplary obscrvations and experiments. Be- 
fore such books became popular early in the nineteenth century 
(and until even more recently in the newly matured sciences), 
many of the famous classes of science Fulfilled a similar fune- 
tion, Aristotle's Physic, Plolemy's Aflmegest, Newton's Prin- 
cipia and Opticks, Franklin's Electricity, Lavaisier's Chemistry, 
and Lyell's Geolagy—these and many other works served! for a 
time implicitly to define the legitimate problems and methods 
of a research Geld for succeeding generations of practitioners, 
They were able to de so because they shared two essential char- 
acteristics, Their achievement was sufficiently unprecedented to 
attract an enduring group of adherents away from competing 
modes of scientific. activity. Simultanecusly, it was sufficiently 
open-ended to Jeave all sorts of problems for the redefined 
group of practitioners to resale. 

Achievements that share these two characteristics I shall 
henceforth refer to as “paradigms,” a term that relates closely to 
‘normal science,” By choosing it, | mean to suggest that some 
accepted examples of actual scientific practice—-examples which 
include law, theory, application, and instrumentation together— 
provide models from which spring particular coherent traclitions 
of scientific research. These are the traditions which the his- 
torian describes under sock rubrics ax “Ptolemaic astronomy” (or 
Copemican’}, “Aristotelian dynamics’ (or “Newtonian’), ‘cor- 
puscular opties’ (ar ‘wave optics’), and so on, The study of 
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paradigms, including many that are far more specialized than 
those named illustratively above, is what ¥ prepares the 
student for membership in the particular scientific community 
Sits hich bo will Wie ractice. Because he there joins men 
who learned the bases of their field from the same concrete 
models, his subsequent practice will seldom evoke overt dis- 
agreement over fundamentals. Men whose research is based on 
shared paradigms are committed to the same rules and stand- 
ards for scientific practice. That commitment and the apparent 
consensus it produces are prerequisites for normal science, ie, 
for the genesis and continuation of a particular research tradi- 
tion. 

Because in this essay the concept of a paradigm will often 
substitute for a variety of familiar notions, more will need to be 
said about the reasons for its introduction. Why is the concrete 
scientific achievement, as a locus of professional commitment, 
prior to the various concepts, laws, theories, and points of view 
that may be abstracted from it? In what sense is the shared 
paradigm a fundamental unit for the student of scientific de- 
velopment, a unit that cannot be fully reduced to logically 
atomic components which might function in its stead? When 
we encounter ther in Section V, answers to these questions and 
to others like them will prove basic to an understanding both of 
normal science and of the associated concept of paradigms. 
That more abstract discussion will depend, however, upon a 

ous exposure to examples of normal science or of 
ape in operation. In sartaclar both these related eich 
will be clarified by noting that there can be a sort of scientific 
research without paradigms, or at least without any so un- 
oe and so binding as the ones named above. Acquisition 

a paradigm amd of the more esoteric type of research it per- 
i ie aca iuipartte in the development of any given scien- 
ti 

If the historian traces the scientific knowledge of any selected 
group of related phenomena backward in time, he is likely to 
encounter some minor variant of a pattern here illustrated from 
the history of physical optics. Today's physics textbooks tell the 
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student that light is photons, ie, naa mechanical entitics 
that exhibit some characteristics of waves and some of particles, 
Research proceeds accordingly, or rather according to the more 
cliborate and mathematical characterization from which this 
wil verbalization is derived. That characterization of light is, 
however, scarcely half a century okl. Before it was developed 
by Planck, Einstein, and others early im this century, physics 
texts taught that light was transverse wave motion, a conecp- 
tion rooted in a paradigm that derived ultimately from the 
optical writings of Young and Fresnel in the carly nineteenth 
century. Nor was the wave theory the first to be embraced by 
almost all practitioners of optical science. During the eight. 
eenth century the paradigm for this field was provided by New- 
ton'’s Opticks, which taught that light was material corpuscles. 
At that lime physicists sought evidence, as the early wave theo- 
rists had mot, of the the pressure exerted by light particles imping- 
ing on solid bodics.' } 
These transformations of the paradigms of physical opttes are 
scientific revolutions, and the successive transition from one 
paradigm to another via revolution is the usual developenental 
pattern of mature science. It is not, however, the pattern char- 
acteristic of the period before Newton's work, and that is the 
contrast that concerns us here. No period between remote an- 
tiquity and the end of the seventeenth century exhibited a 
single generally accepted view about the nature of light. In- 
stead there were a number of competing schools and sul- 
schools, most of them eypousing one variant or another of Epi- 
curean, Aristotelian, ar Platonic theary. One group took light to 
be particles emanating from material bodies; for another it was 
amedification of the medium that intervened between the body 
amd the eye; still another explained light in terms of an inter- 
action of the medium with an emanation from the eve: and 
there were other combinations and modifications besides. Each 
af the corresponding schools derived strength from its relation 
to sore particular en and cach emphasized, as para- 
h Prietley, The #1 and Frerent State a Retatieg ta 
vise . om Cofours {Lon (Lon 21T2), pp. 
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observations, the cluster of optical phenom- 
core own theary iad ophaniete to sislsin: Dhar obsereas 
tions were dealt with by ad hoc elaborations, or they remained 
as outstanding problems for further research.* 

At various times all these schools made significant contribu- 
tions to the body of concepts, phenomena, and techniques from 
which Newton drew the first nearly uniformly accepted para- 
digm for physical optics. Any definition of the scientist that ex- 
eludes at beast the more creative members of these various 
schools will exclude their modem successors as well. Those men 
were scientists. Yet anyone examining a survey of physical op- 
tics before Newton may well conclude that, though the field's 
practitioners were scientists, the net result of their activity was 
something less than science. Being able to take no common 
body of belief for granted, each writer on physical optics felt 
forced to build his field anew from its foundations. In 50h, 
his choice of supporting observation and experineent was rela- 
tively free, for there oa no standard set of methods or of phe- 
nomena that every optical writer felt forced to employ and ex- 
plain. Under these circumstances, the dialogue of the resulting 
books was often directed as much to the members of other 
schools as it was to nature, That pattern is not unfamiliar in a 
number of creative fields today, nor is it incompatible with 
significant discovery and invention. It is not, however, the pat- 
tem of development that cal optics ired after Newton 
and that olher natural se male faa tne 

The history of electrical research in the first half of the cight- 
eenth century provides a more concrete and better known 
example of the way a science develops before it accpuires its first 
universally received paradigm. During that period there were 
almost as many views about the nature of electricity as there 
oe bbe electrical experimenters, men like Hauksbee, 

liers, Du Fay, Nollett, Watson, Franklin, and 
shes ve weir numerous concepts of electricity had some- 
thing in common—they were partially derived from one or an- 


1 Rh a Hiteire de ls lumedre, (rasa. Jean Tuten | Paris, 1956), chaps. 
iH, 
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other version of the mech: philosophy that 
guided all seientifie research of the day. In addition, all were 


components of real siete topacies, UE thcntal that had been 
drawn in part from experiment and observation and that par- 
ally determined the choice and interpretation of additional 
problems undertaken in research. Yet though all the experi- 
ments were electrical and though most of the experimenters 
read each other's works, their theories had no more than a fam- 
ily resemblance,” 

One early group of theories, following seventeenth-century 
practice, eg attraction and frictional generation as the 
fundamental electrical phenomena. This group tended to treat 

as a secondary effect due to some sort of mechanical 
le ace ae also to postpone for as bong as possible both 
discussion and systematic research on Gray's newly discovered 
effect, electrical conduction, Other “electricians” (the term ts 
their own) took attraction and repulsion to be equally ele- 
mentary manifestations of electricity and modified their the- 
aries and research accordingly. (Actually, this group is remark- 
ably small-even Franklins theary never quite accounted for 
the routual repulsion of two negatively charged bodies.) But 
they had os much difficulty os the first group in accounting 
simultancously for any but the simplest conduction effects, 
Those effects, however, provided the starting point for still a 
third group, one which tended to speak of electricity as a “fluid” 
that could nin through conductors rather than as an “eflluvigm” 
that emanated from mon-conductors. This group, in ts turn, hac 
dificulty reconciling its theory with a number of uttractive and 


F Duane Roller end Quens H. 0D. Roller, The Deeelopment of the Comeept 
Thunurice In Experimneanah Scittcn™ Gace 8; Cambe mone Corate 


that follows in the text, Lam indebted to a still vnproblraked set) ay eed 

Jolin L. Heilbeon. Pending its publication, a somewhat mone extemlei ace] more 

Precise scpeunt af the emergence of Franklin's praraliggns is inehadted in T. 5. 
Kubes, “The she aac ey pHitbets= adhoc in A. Ph igeasy tard. Ms 
“Svenqendiam om History of foenot, Univeraty “+ ani ly THL5, 1981," 
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repulsive effects. Only through the work of Franklin and his 
immediate successors did a theory arise that could account with 
something like equal facility for very nearly all these effects and 
that therefore could and did provide a subsequent generation of 
“clectricians’ with a common paradigm for its research. 
Excluding those fields, like mathematics and astronomy, in 
which the first firm paradigms date from prehistory and also 
those, like biochemistry, that arose by division and recombina- 
tion of specialties already matured, the situations outlined 
above are historically typical. Though it involves my continuing 
to employ the unfortunate simplification that tags an extended 
historical episode with a single and somewhat arbitrarily chosen 
name (e.g., Newton or Franklin), I suggest that similar funda- 
mental disagreements characterized, for example, the study of 
motion before Aristotle and of statics before Archimedes, the 


study of heat before Black, of chemistry before Boyle and Boer- 
haave, and of historical me before Hutton, In parts of biol- 
ogy—the study of heredity, for example—the first universally 


received paradigms are still more recent; and it remains an open 
question what parts of social science have yet acquired such 
paradigms at all. History suggests that the road to a firm re- 
search consensus is extraordinarily arduous. 

History also suggests, however, some reasons for the difficul- 
ties encountered on that road. In the absence of a paradigm or 
some candidate for paradigm, all of the facts that could possibly 
pertain to the development of a given science are likely to seem 
pully relevant. As a result, early fact-gathering is a far more 

random activity than the one that subsequent scientific 
evelopment makes familiar. Furthermore, in the absence of a 
reason for seeking some particular form of more recondite infor- 
mation, carly fact-gathering is usually restricted to the wealth 
of data that lie ready to hand. The resulting pool of facts con- 
tains those accessible to casual observation and experiment to- 
with some of the more esoteric data retrievable from 
established crafts ike medicine, calendar making, and metal- 
lorgy. Because the crafts are ome readily accessible source of 
facts that could not have been casually discovered, technology 
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has often played a vital role in the emergence of new sclences. 

But this sort of fact-collecting has been essential to 
the origin o many signifcant sciences, anyone who examines, 
for example, Pliny's encyclopedic writings or the Baconian nat- 
ural histories of the seventeenth century will discover that it 
produces a morass. One somehow hesitates to call the literature 
that results scientific. The Boconian “histories” of heat, color, 
wind, mining, and so on, are Glled with information, some of it 
recondite. But they juxtapose facts that will later prove revral- 
ing (e.g., heating by mixture) with others (e.g, the warmth of 
dung heaps} that will for some time remain too complex to be 
integrated with theory at all." In addition, since any deseription 
must be partial, the typical natural history often omits from its 
immensely circumstantial accounts just those details that later 
scientists will find sources of important illumination. Almost 
none of the early “histories” of electricity, for example, mention 
that chaff, ieee Uk SUBBOE lees GE anes EEE. 
That elect seemed mechanical, not electrical * Moreover, since 
the casual fact-gatherer seldom | the time or the touls 
to be critical, the natural histories often | juxtapoge ceseriptions 
like the above with others, say, heati r east sacdbee (or by 
cooling}, that we are now quite ce Dp to confirm.® Only very 
occasionally, as in the cases of ancient statics, dynamics, aod 
geometrical optics, do facts collected with so little guidance 
from pre-established theory speak with suflicient elarity to per- 
mit the emergence of a first puradigm. 

This ts the situation that creates the schools characteristic of 
the early stages of a science’s development, No natural history 
ean be interpreted in the absence of at least some ituplicit body 


the sketch for a natural history ef hess in Boon’s ie 
Vol Vil af The Works of Fronts Ravi, ed. J Spedding. BR, L. 
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of intertwined theoretical and methodological belief that per- 
mits selection, evaluation, and criticism. If that body of belief is 
not already implicit in the collection of facts—in which case 
more than “mere facts” are at hand—it must be externally slp 
plied, perhaps by a current metaphysic, by another science, or 

and historical accident. No wonder, then, that in 
the early stages of the development of any science different men 
confronting the same range of phenomena, but not usually all 
the same particular phenomena, describe and interpret them in 
different ways. What is surprising, and perhaps also unique in 
its isp to the fields we call science, is that such initial diver- 

should ever largely disappear. 

For they do disappear toa very considerable extent and then 
apparently once and for all. Furthermore, their disappearance is 
usually caused by the triumph of one of the pre-paradigm 
schools, which, because of its own characteristic beliefs and pre- 
conceptions, emphasized only some all of the too siz- 
able and inchoate pool of ifort thoes Thien aloctiisac who 
thought electricity a fluid and therefore gave particular empha- 
sis to conduction provide an excellent case in point. Led by this 
belief, which could scarcely cope with the known multiplicity 
of attractive and repulsive effects, several of them conceived the 
idea of bottling the electrical fluid. The immediate fruit of their 
efforts was the Leyden jar, a device which might never have 
been discovered by a man exploring nature casually or at ran- 
dom, but which was in fact independently developed by at least 
two investigators in the early 1740's." Almost from the start of 
his electrical researches, Franklin was particularly concerned to 
explain that strange and, in the event, particularly revealing 
picee of special apparatus. His success in en provided the 
most effective of the arguments that made his theory a para- 
digm, though one that was still unable to account for quite all 
the known cases of electrical repulsion." To be accepted as a 
paradigm, a theory must seem better than its competitors, Init 


* Roller aed Holler, op. ell pp. 51-54. 


8 The treehlsome cose was Hie motel epubion of negatively charged bodies, 
for which see Coben, op. cif., pp. 401-04, 53113. 
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it need wot, and in fact never does, explain all the facts with 
which it-can be confronted. 

What the fluid theory of electricity did for the snhgroup that 
held it, the Frauklinian paradigm later did for the entire | 


of electricians. Tt sugested which ts would be 
performing und which, because diveeted to secondary or to 
overly complex manifestations of elec , would not. Only 


the paradigm did the job far more effectively, partly because 
the end of interschoal debate ended the constant reiteration of 
fundamentals and partly because the confidence that they were 
on the right track encouraged sclentists to undertake more pre- 
vive, esoteric, and consuming sorts of work." Freed from the 
pombere:.-with any and all electrical esti pein the united 
group of electricians could pursue selected phenomena in far 
ceore detail, designing much special equipment for the tusk und 
ying it more stubbornly ane systernatically than. electri- 
kd ou done before. Both fact collection and theory 
articulation became highly directed activities. The effectiveness 
and efficiency of electrical research increased accordingly, pro 
viding evidence for a socictal version of Francis Bacon's acute 
methodological dictum: “Truth emerges more readily from 
error than from confusion! 

We shall be examining the nature of this highly directed or 
paradigm-based research in the next section, but must first note 
briefly how the emergence of a paradigey affeets the structure 
ol the group that practices the field. When, in the development 
of a natural sciener, an individual or group first produces iL SY 
thesis able to attract most of the next generation s practitioners, 
the older schools gradually disappear. In part their disappear- 

T1t dead benated that the woceplanes of Franklin's thecey did not end quite 
all debate. abel oti i err a two-fieid wersiim of that theory, 
pacing Hr rc ee ehectsiniaye wane divided abr whether Clertrteity 
was a id or two. Bot the debotes on this sabject only confirm what has 
heen said above about the manner in which a unlversally recognized achievement 
unites the profession. Electricians, thoagh they erated divided on Sed Tie 

Hy comcluckal dhot ao capetinesital teats could dietin the (An Hersboecs 
ie gel theory and thot dhey were therefore equivalent. Al ‘that. ecth subecectle 
pape tata aml di re all the benefits that the Feanklinian thawey provided (ibid, 
Pe 48, 
10 Hace, aap ci, 210. 
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ance is caused by their members’ conversion to the new para- 
m. But there are always some men who cling to one or an- 
other of the older views, and they are simply read out of the 
which thoreafter ignores their work. The new para- 

Hiern tnvplied a new and snore sigid definition of the Sel. Those 
bawilling or unable to accommodate their work to it must pro- 
ceed in isolation or attach themselves to some other group." 
Historically, they have often simply stayed in the departments 
of philosophy from which so many of the special sciences have 
genic asi amie Seti Weer alr 
its reception of a paradigm that transforms a group previous- 
i ichare tol cvacaly mutts atudy ufuahie boa cake com me 
at least, a discipline. In the sciences (though not in fields like 
Sey iseperuipe let gare eo a 


aa 
2 
as 
7: 
Re 


ciated with a Es irs tion ck a single paradigm. 
f : oop ee cathe the time, oe 
ago, when the pahical oe pattern of scientific specialization 
first developed and the very recent time when the paraphernalia 
of specialization acquired a prestige of their own. 
The more rigid definition of the scientific group has other 
ences. When the individual scientist can take a a 
digm or granted, he need no longer, in his major works, al 
to build his field anv, starting froma first hedassiirs and just #2 
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